Abstract. Current efforts to identify protein biomarkers of disease use mainly mass spectrometry (MS) to analyze tissue and blood specimens. The low-molecular-weight "peptidome" is an attractive information archive because of the facile nature by which the low-molecular-weight information freely crosses the endothelial cell barrier of the vasculature, which provides opportunity to measure disease microenvironmentassociated protein analytes secreted or shed into the extracellular interstitium and from there into the circulation. However, identifying useful protein biomarkers (peptidomic or not) which could be useful to detect early detection/monitoring of disease, toxicity, doping, or drug abuse has been severely hampered because even the most sophisticated, high-resolution MS technologies have lower sensitivities than those of the immunoassays technologies now routinely used in clinical practice. Identification of novel low abundance biomarkers that are indicative of early-stage events that likely exist in the sub-nanogram per milliliter concentration range of known markers, such as prostate-specific antigen, cannot be readily detected by current MS technologies. We have developed a new nanoparticle technology that can, in one step, capture, concentrate, and separate the peptidome from high-abundance blood proteins. Herein, we describe an initial pilot study whereby the peptidome content of ovarian and prostate cancer patients is investigated with this method. Differentially abundant candidate peptidome biomarkers that appear to be specific for early-stage ovarian and prostate cancer have been identified and reveal the potential utility for this new methodology
INTRODUCTION
Prostate and ovarian cancers pose a great health burden on world population principally due to the very high incidence and variability in the clinical course of the former and overall poor prognosis of the latter. Prostate cancer (CaP) is an age-related tumor as it accounts for about 25% of all the newly diagnosed cancers in American men and caused more than 28,000 deaths in 2008. As the population ages, the number of new cases per year is expected to increase by >60% and reach 300,000 by 2015 (1). This high incidence, coupled with the clinical course variability of the disease, makes CaP a particularly appropriate candidate for prevention and early intervention strategies.
Since the FDA approval and introduction into the clinic in the mid-1980s, the prostate-specific antigen (PSA) levels combined with digital rectal examination are the standard screening tests for the early detection of prostate cancer (2) . The European Randomized Study of Screening for Prostate Cancer, initiated in the early 1990s and ended in 2006 to evaluate the effect of screening with PSA, concluded that PSA-based screening reduced the rate of death from prostate cancer by 20%, but is associated with a high risk of overdiagnosis (3) . Actually, PSA is secreted from benign as well as cancerous cells of the prostate, and it has been demonstrated to be mostly a marker of prostate volume than of malignant conditions (4) . An increase in prostate volume, naturally growing with age, can occur for benign as well as for pathologic conditions, and thus, serum PSA values correlate closely with both benign prostatic hyperplasia and CaP (4) . Moreover, while it appears that some levels of CaP biopsies are carried out without actual clinical necessity (with the associated economic and social consequences), 15% of patients with levels of PSA lower than the recognized 4 ng/ml disease diagnosis threshold have cancer, with some of these being very lethal aggressive forms (5) . Indeed, PSA is unable to predict with certainty the biological aggressiveness of the disease, so prostate cancer screening results in the detection of disease that in many patients is not clinically significant.
Ovarian cancer (OC), according to the late onset of symptoms and the subsequent poor prognosis by the time of diagnosis, has come to be known by the haunting definition of "the silent killer."OC is the fourth most frequent cause of cancer death and the most lethal of all gynecologic tumors in women from North America and northern and western Europe. Each year, approximately 20,000 American women are diagnosed with ovarian cancer and about 15,000 women die from the disease. The median age at diagnosis is 63. In 2009, the National Cancer Institute estimated that 21,650 women in the USAwould be diagnosed with ovarian cancer and 15,520 women would die from the disease (6). Despite its incidence being ten times lower than breast cancer, it is threefold more lethal and is usually not diagnosed until its advanced stages. The prognosis for survival from ovarian cancer largely depends on the extent of disease at diagnosis: while the overall 5-year relative survival rate for all women with ovarian cancer is 46%, this rate improves greatly to 93% if the cancer is diagnosed at an early stage before it has spread beyond the ovaries (7, 8) . Accordingly, detection of early stage disease offers an opportunity to reduce mortality. Unfortunately, to date, no screening protocol for ovarian cancer has been shown to achieve this aim, and only 19% of ovarian cancer cases are diagnosed at local stage (9, 10) Despite advances in molecular biology, surgery, and chemotherapy, survival rates have changed very little in the last three decades. The glycoprotein CA-125 is the most thoroughly investigated biomarker for ovarian cancer screening and is currently the only marker used in combination with transvaginal ultrasound to detect a significant proportion of ovarian cancer (8, (11) (12) (13) . The serum CA 125 assay has been evaluated for ovarian cancer screening as a tool to differentiate benign from malignant ovarian masses and as an indicator of tumor status during and after chemotherapy. Unfortunately, CA-125 has not been found to be sufficiently specific or sensitive for screening the general population. It is believed that up to 20% of ovarian cancers do not express CA-125, suggesting a maximum theoretical sensitivity of 80% for this marker, and for early-stage disease, this theoretical sensitivity is likely to be lower (7, 8, 13) .
Consequently, ovarian and prostate cancers share unsolved diagnostic and therapeutic dilemmas, underpinning the need for new reliable biomarkers for early detection and better prognostic classification. Blood-borne biomarkers currently available for these two cancers do not fulfill the requirements for implementing reliable and acceptable screening tests on the general population currently performing a tissue biopsy represents the only definitive way to achieve diagnosis. Thus, the search for new, highly sensitive and specific markers, and combinations or signatures of multiple markers, has been intensive. The circulatory proteome has become one of the most promising molecular archives for the discovery of biomarkers of human diseases (14) (15) (16) (17) . Even as some investigators have turned their attention to urine and abdominal fluid as a source of molecular diagnostic information for prostate and ovarian cancers, among all physiological fluids, human plasma and serum have become the most intensively investigated biological samples. Blood, since it flows through the entire body every second, can be considered to most accurately reflect ongoing physiology and represents a protein-rich information reservoir, containing the traces of what has been encountered during constant perfusion of tissues (18) .
Due to the ability of the technique to investigate and profile the complex proteomes of biological specimens in an unbiased fashion, mass spectrometry (MS)-based proteomic technologies are currently at the forefront for the discovery of blood-borne biomarkers. Of special recent interest in biomarker discovery efforts, the peptidome, or low-molecular-weight (LMW) proteome, may likely contain many of the most clinically important undiscovered markers since this repository contains analytes that are able to passively diffuse though the endothelial cell barrier of the vasculature, a barrier that effectively prevents the passive perfusion of molecules above 60 kDa. The peptidome contains protein fragments and small protein molecules generated within the tissue microenvironment that could reflect early-stage pathophysiological changes (19) .
However, despite the recent technological advances in mass spectrometry and sample fractionation methods, analytical and physiological barriers hinder the deep exploration of circulatory peptidome and biological marker discovery. Firstly, most biomarkers that will have any clinical impact on early cancer detection will be found in very low abundances, with concentrations likely in the sub-nanogram per milliliter range, well below the detection limits of even the most sophisticated MS instrumentation. A second major problem is the apparently insurmountable abundance of resident proteins such as albumin and immunoglobulins, which hinder the MS identification of new candidate biomarkers, that may be one billion or more times less abundant than these endogenous proteins. Moreover, most of the time, low abundance biomarkers are non-covalently and endogenously associated with resident proteins that account for >95% of circulating proteins, confounding the isolation of rare LMW biomarkers (19) (20) (21) (22) (23) (24) (25) . As a consequence, many researchers endeavor in the extremely complicated and time-consuming task to enrich the biospecimen for targeted analytes, attempting to avoid loss of the LMW fraction bound to high-molecular-weight proteins.
To that end, herein we present a novel method for body fluid-based biomarker discovery in which a novel nanoparticlebased biomarker capture technology is applied to amplify, fractionate, and enrich the LMW peptidome archive providing a powerful pre-analytical (MS) concentration and fractionation method for mass spectrometry-based biomarker discovery. We have developed these core-shell hydrogel nanoparticles to perform, in solution and in one step, the rapid (within 30 min) complete sequestration of the peptidome simultaneously performing size sieving enrichments and dramatic concentration of the LMW analytes (26, 28) . The bait within the particles, comprising a high-affinity dye molecule, competes with carrier proteins such as albumin for the binding of LMW cationic proteins and peptides that are thus trapped in the particle. The shell acts as a sieve, excluding high molecular weight, high abundance proteins. Feasibility of this workflow is presented whereby LMW candidate biomarkers have been identified using well-controlled study sets of serum samples from patients with and without CaP or OC that are processed though nanoparticle enrichment followed by high-resolution MS to illustrate the potential of this new workflow.
MATERIALS AND METHODS

Synthesis and Characterization of Hydrogel NIPAm/AAc Core-Shell Particles
Particles were synthesized as previously described (26) (27) (28) using NIPAm (Sigma-Aldrich) and BIS (Sigma-Aldrich) by precipitation polymerization. Acrylic acid (AAc; SigmaAldrich) was incorporated into NIPAm particle to provide a charge-based affinity moiety bait for affinity capture of peptides and small molecules
Sera Sample Collection and Storage
Urologic Patients
A unique study set of 30 patient-matched serum samples were obtained from 15 patients suffering from prostate cancer under full IRB approval and patient consent. The pretreatment serum was collected before radical prostatectomy and the postsurgery samples obtained 6 weeks to 3 months afterward. Patient epidemiologic and clinical information is shown in Table I . 
Gynecological Patients
Peptidome Capture and Isolation
Serum samples were centrifuged (7 min, 4°C, 16,100 rcf) and diluted 1:2 with 50 mM Tris-HCl, pH 7.0. Four hundred microliters of sera from ovarian cancer and benign controls was used per patient, and 200 μL of sera for pre-and post-prostatectomy specimens was used for biomarker discovery. Two chemokines, CCL28, known also as mucose-associated epithelial chemokine (MEC)m with a predicted MW 14 kDa (Antigenix America), and CXCL12 (Antigenix America), also known as SDF-1β with a predicted MW of 11 kDa, were added to the serum samples as internal process control standards. Pre-prostatectomy samples (200 μL aliquots) were spiked with CXCL12/SDF-1β and of CCL28/MEC at the concentration of 0.5 and 0.05 ng/µL, respectively, while 0.5 ng/µL of MEC and 0.05 ng/µL SDF-1β were added to the postprostatectomy sera. Ovarian cancer patient samples were spiked with 0.5 ng/µL MEC and 0.05 ng/µL SDF-1β, as opposed to benign pelvic disease controls which were spiked with 0.05 ng/µL MEC and 0.5 ng/µL SDF-1β Subsequently, nanoparticles were incubated with each diluted serum sample for 15 min at room temperature under slow rotation. After incubation and peptidome capture, samples were centrifuged (15 min, 25°C, 16,100 rcf), the supernatant was discarded, and the particles were washed two times by means of resuspending the pellets in 1 mL of the washing buffer (20% acetonitrile/ 0.5× PBS) and centrifuging (4 min, 25°C, 16,100 rcf). The pellet of washed particles, obtained as described above, was vortexed with 100 μL of elution buffer (60% acetonitrile/2% acetic acid) at room temperature. The elution mix was sonicated three times for 10 s each. The eluate was saved. The elution step was repeated twice and the eluates pooled together. The eluates were then lyophilized until dry. The dried-up samples were stored at −20°C until use. Eluted proteins from the nanoparticles were reduced by dithiothreitol, alkylated by iodoacetamide, and digested by trypsin overnight at 37°C as described (27) .
SDS-PAGE Analysis
The incubation of serum with particles has been performed as previously described (27) . Serum, supernatant, and eluate derived from particle incubation were loaded on 4-20% Tris-Glycine gel (Invitrogen Corporation). Proteins were detected by Comassie staining.
Mass Spectrometry Analysis
The peptides from each sample were analyzed by reversed-phase liquid chromatography/electrospray tandem mass spectrometry (MS/MS) using a linear trap quadrupole (LTQ)-Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA) equipped with an in-line autosampler. The reverse-phase C18 column (0.5-mm i.d. × 50-mm length) was from Michrom BioResources. The column was washed for 2 min with mobile phase A (0.1% formic acid), and peptides were eluted using a linear gradient of 0% mobile phase B (0.1% formic acid, 80% acetonitrile) to 50% mobile phase B in 50 min at 2 μL/min, then to 100% B for an additional 2 min. The mass spectrometer was operated in a data-dependent mode in which each full MS scan was followed by five MS/MS scans in which the five most abundant molecular ions were dynamically selected and fragmented by collision-induced dissociation using a normalized collision energy of 30%. To decrease carryover, one blank sample was analyzed using a 30-min, double high-performance liquid chromatograph (HPLC) gradient program after analyzing one sample. To verify HPLC reproducibility, two standard samples (yeast enolase digest, from Michrom BioResources) were analyzed using a 30-min HPLC program after analyzing 15 serum samples.
Bioinformatic Analysis
Protein identification was performed with SEQUEST. The data were searched against a fully tryptic indexed, human protein database maintained by the National Center for Biotechnology Information with a variable oxidized methionine and a static carboxyamidomethylated cysteine modification. Search results were filtered with the following criteria: minimum X Corr = 2.2 (+2), 3.5 (+3), minimum dCn=0.1, and a maximum precursor ion mass deviation of 15 ppm. An MS1-based comparative data analysis was accomplished using BioSieve (Thermo and Vast Scientific). Spectral counting (MS2-based) analysis was accomplished using Scaffold (Proteome Software, Inc. Portland, OR). Candidate differentially abundant peptides were evaluated by manual inspection of the raw data to confirm the peptide identifications, and differences in peptide relative abundances were determined using a twotailed t test applied to the spectral counts with the assumption of normally distributed data.
RESULTS
Particles Perform Size Exclusion and Concentration of Serum Proteins
In order to evaluate, in a qualitative manner, the efficiency of the nanoparticle capture methodology as a pre-processing step to eliminate the excess of high abundant proteins and concentrate the low-molecular-weight protein archive, a serum sample was processed and the starting sample, the post-particle supernatant, and eluate from particles were analyzed by SDS-PAGE. As shown in Fig. 1 , in the eluate from particle (lane 3), the amount of albumin, and in general serum high abundant proteins, is tremendously reduced compared to the remaining albumin in the supernatant and starting raw sample. Conversely, the nanoparticle captured archive within the eluate reveals a number of highly concentrated and enriched proteins, which demonstrates the ability of particles to concentrate proteins based on the nature of the chemical bait used. Since the incubation of the sample was in pH values >3.5, the acrylic acid bait is deprotonated and thus carries a negative charge, so the affinity of this particle type is most specific for positively charged polypeptides and proteins. Consequently, proteins/peptides that are negatively charged (such as those remaining in the supernatant), will not be captured by this specific nanoparticle. The nanoparticles' capacity to reduce albumin can be also seen by a qualitative analysis of a mass spectrometry chromatogram of raw serum and the nanoparticle eluate. As can be observed in Fig. 2 the peak intensities of several tryptic peptides of albumin, high in raw serum, are notably reduced in the elution from nanoparticle sample.
Evaluation of the Nanoparticle Capture-MS Workflow Performance
In order to evaluate the nanoparticle capture workflow's process performance and the reproducibility of the data, two chemokines, stromal cell-derived factor 1β (SDF-1β, also known as CCL12) and mucosae epithelial chemokine (MEC, known as CCL28), were spiked into the serum specimens before the nanoparticle processing step as internal standards.
The two chemokines were chosen because of their small size (in the MW range of the peptidomic archive under evaluation for this study) and their physicochemical properties (volability and ionizability) for MS suitability, and the affinity for these two analytes for the specific nanoparticle bait molecule utilized has been previously demonstrated (27, 28) . SDF-1β was added in a ratio of 10:1 in the pre-prostatectomy vs. postprostatectomy samples and 1:10 in the cases vs. controls of the prostate cancer study set, while MEC was spiked in a ratio of 1:10 in the pre-prostatectomy vs. post-prostatectomy samples set and 10:1 in the ovarian cancer sera vs. controls samples. The chemokines were found to be differentially abundant with the expected ratio by BioSieve analysis (Fig. 3) in both study sets, and the MS data analysis confirmed the expected recovery of the internal standard controls .Since the levels of the endogenous, native CCL28 and CCL12 within Fig. 3 . Verification of nanoparticle capture workflow. The chemokines CCL12 and CCL28 were spiked, as internal standard process controls, in 1:10 and 10:1 ratios in ovarian cancer case and benign control sera, respectively (top), while in pre-and post-prostatectomy sera in the ratios of 10:1 and 1:10 (bottom). Each vertical bar in the histogram represents one serum sample from a cancer patient (red) or a control subject (blue), and the bar height corresponds to the peptide ion abundance measured each patient sample are unknown and will vary from patient to patient, we can estimate the approximate reproducibility of the overall process by an analysis of the expected and actual ratios produced by the spiked-in chemokines over the population of samples rather than any one specific sample. The ratio of CCL12 intensity in the cases/controls of ovarian cancer is predicted to be 0.1 since a 1:10 amount was spiked in respectively and the experimentally derived value was 0.106. For CCL28, which was spiked in at 10:1 case vs. control, the expected value of 10 compares to the actual value obtained of 10.052. For the prostate study, the ratio of CCL12 on the pre/ post-prostatectomy samples resulted 8.592 compared to a theoretical value of 10, and for CCL28, the experimental value of 0.063 was determined compared to the theoretical value of 0.1 These results indicate excellent process reproducibility and variance across the entire set and provide increased confidence in the experimental results obtained for newly identified markers. Fig. 4 . Nanoparticle capture-mass spectrometry workflow. Sera from patients and controls are incubated with NIPAm/AAc particles, eluates from particles are analyzed by HPLC-LTQ-Orbitrap mass spectrometry, and the data analysis is performed using BioSieve and Scaffold software Identification of Candidate CaP and OC LMW/Peptidome Biomarker Candidates Using Nanoparticle Capture-MS In order to identify LMW protein/peptide serum biomarker candidates for CaP, 30 sera from 15 patients suffering from CaP, collected before radical prostatectomy and 6 weeks to 3 months following surgery (Table I) , and 40 sera from gynecologic patients (20 samples from women affected by ovarian cancer and 20 samples from controls; Tables II  and III) were subjected to our novel nanoparticle capture workflow followed by LC-MS/MS analysis (Fig. 4) . The labelfree spectral counting Scaffold analyses of MS/MS data from the nanoparticle-captured protein analytes yielded the determination of 14 proteins with higher abundance in the preprostatectomy samples compared to the post-prostatectomy samples (Table IV) and 59 proteins with higher abundance in the early-stage OC sample compared to the age-matched benign gynecologic controls (Table V) . Only analytes whose spectral counts achieved at least a 50% differential amount were included in these tables. Highlighted in red are the spiked-in internal standard proteins that, as expected, were found by both BioSieve and Scaffold (shown) to be differentially abundant. This result reveals that the entire process produces the expected results, thus providing increased confidence in the new experimentally determined candidate biomarker proteins. To provide a better sense of the complexity of the samples after preprocessing with nanoparticles, the total number of proteins and peptides that have been identified on average for the group of case/controls in the ovarian cancer or pre/post-prostatectomy in the prostate cancer study are shown in Table VI .
Moreover, a list of the most abundant proteins identified in the prostate and ovarian sets samples are reported (Tables VII  and VIII) . Proteins such as albumin and complement component 3 are still the most abundant proteins regardless of upfront preprocessing. It is important to consider that a nanoparticlebased sample preparation is not a depletion-based approach but is an enrich-based strategy to "amplify" and concentrate low molecular analytes; thus, the spectral counts of the albumin and complement component 3 peptides are dramatically reduced and the ratios of the endogenous high abundance analytes to the newly discovered analytes is lower. Due to the extraordinarily high abundance of proteins such albumin that exist in one to ten million-fold molar excess to low abundance proteins, it would be impossible to completely eliminate them from downstream analysis. Since mass spectrometry works in a dynamic range of four to five orders of magnitude, the reduction of a consistent part of the most abundant protein (as showed in the gel) still provides a great advantage in this analysis, allowing the identification of the less abundant peptides/proteins that usually are masked.
In order to determine, within the proteins identified, candidate molecules that could be more specific for prostate cancer and ovarian cancer and thereby produce more specific markers for further analysis and validation, the candidates obtained from the two study sets were compared. The results of the analysis (Fig. 5 and Table IX ) revealed a series of proteins whose increased relative abundance, as determined by labelfree spectral counting methodology, was either CaP-specific or OC-specific. Comparison of the list of ovarian cancer candidates to biomarker candidates discovered using the identical workflow applied to serum sets from patients with prostate cancer revealed only a marginal overlap, indicating potential for specificity in the candidates uncovered to date.
Comparing the results from different neoplastic processes could be a useful means to identify proteins involved more specifically in the neoplastic process of the specific type of tumor (i.e., ovarian cancer vs. prostate cancer) vs. those that may be more reflective of any neoplastic growth or inflammatory process. Manual verification vitronectin precursor and leucin-rich alpha-2-glycoprotein 1, taken as a representative example of differentially abundant analytes for CaP (Fig. 6a) and OC (Fig. 6b) , are shown and reveal that the MS/MS analysis was correct for these example candidate biomarkers, providing increased confidence in the Scaffold results. a Sum of spectra found in all the pre-prostatectomy samples b Sum of spectra founded in all the post-prostatectomy serum samples c Relative difference = ((Pre − Post)/Average of number of spectra for the Pre and Post)) × 100 
DISCUSSION
The search for novel clinically relevant disease-specific protein biomarkers that can be measured in an easily accessible body fluid such as the blood remains a huge challenge for researches because of the complexity of the circulatory proteome and the likely extremely low concentration of any candidate biomarkers coupled with the lability of the markers in vivo and ex vivo. The intensity of biomarker discovery efforts has lead to the increased investigation of the peptidome/LMW proteome because of the facile nature of this archive to easily pass between the tissue and bloodstream. This information archive may be especially a rich source of disease-specific information for the early detection of cancer, toxicity, and drug abuse/doping whereby complex changes within the tissue microenvironment may be reflected in altered pathophysiology of the affected organ(s).
To that end, we developed a novel workflow for LMW proteome/peptidome biomarker research of low-molecularweight proteins/peptides by the novel application of hydrogel nanoparticle technology as a tool to rapidly capture and concentrate analytes in solution coupled with high-sensitivity mass spectrometry analysis (Fig. 4) . The novel aspect of this new biomarker discovery method lies within the capacity of the core-shell nanoparticles (described in (26) (27) (28) ) to perform both an affinity capture step and size exclusion chromatography in solution in just one step. In this instance, we used an acrylic acid affinity capture reagent that is immobilized within the core region of the nanoparticle, which is then covered with a shell matrix with tuned porosity to allow in analytes <30 kDa.
Consequently, for this feasibility study, the particles will bind only protein analytes that are net positively charged at the buffered pH of 7.0. Other marker capture nanoparticles with different affinity "baits" can be easily constructed with other types of affinity dye reagents, for example Cibacron blue dye which we showed could effectively capture 100% of hGH in urine (27) . The ability of the particles to perform twodimensional separation in just one step, whereby subsets of the peptidome (in this case the positively charged archive) are captured from hundreds of microliters of serum along with excluding all of the high abundance resident proteins such as albumin and immunoglobulins, provides a concentration step that is equivalent to injecting in 400 μL (for ovarian cancer study) and 200 μL (for prostate cancer study) into the Orbitrap at once, without the need for any of the types of pre-fractionation step normally required to analyze blood proteins by mass spectrometry (29) . Most of the procedures commonly used can result in the loss of part of important information, either because many LMW serum proteins are bound to high-molecular-weight carrier proteins or because of lengthy sample handling procedures. Moreover, mass spectrometry normally works in a dynamic range of three to four orders of magnitude, meaning that highly abundant proteins such as albumin mask most of the lower abundance proteins.
We applied the nanoparticle-based biomarker capture technique for the determination of differentially abundant peptidomes from two important human cancers as a feasibility case study and not a definitive biomarker discovery effort. We utilized a unique set of pretreatment serum samples taken from CaP patients with organ-confined disease who were undergoing radical prostatectomy whereby patientmatched pre-and post-prostatectomy samples were obtained. This type of serum collection represents a powerful opportunity to understand the changes in protein expression from the same individual with and without organ-confined cancer. We utilized a second study set serum obtained from women with early-stage ovarian cancer and women with benign An average number of protein and peptides for all the case, controls, and pre-and post-prostatectomy have been calculated 
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Complement component 1, r subcomponent (Homo sapiens) 80 gynecologic conditions as an age-matched control group. The use of differentially spiked-in cytokine standards into the starting serum sample that were then analyzed at the end of the entire process by MS/MS allowed us to evaluate the robustness of the overall process, with all samples showing the expected 10:1 or 1:10 ratios as seen by BioSieve analysis (Fig. 3) . While each individual independently run sample did not show the expected ion abundance ratios for peptides corresponding to the two spiked proteins, the average of the case and control sample ratios was approximately equal to the expected ratios and indicated overall process fidelity. Based on this result, we have higher confidence in the biomarker candidate information generated by MS/MS and differential spectral counting methods within the cancer study sets utilized. Furthermore, to evaluate the specificity of the candidate markers found by nanoparticle harvesting, we compared the resultant candidates within the two cancers to each other. We used the results of both Scaffold and BioSieve software, the former to analyze the MS2 data and the other to analyze the MS1 data and integrate the information from both methods. An interesting aspect of a MS1-based approach is that the comparison is not related to an MS2 identification, and as long as the independent MS chromatograms align well, the software performs a statistically driven analysis on any reproducibly seen peak without regard to whether or not an MS2 spectrum is not available, and thus, lower abundant analytes are also analyzed. Peptides that are found to be potentially differentially abundant can then be identified searching the obtained MS2 data against a human protein database (NCBI) with SEQUEST. An MS targeting experiment could be performed when the MS2 spectra were not obtained from the first analysis and differentially abundant peptides taken forward for further validation by mass spectrometry-based methods such as multiple reaction monitoring (MRM).
We chose a label-free spectral counting approach since this method has been found to provide a cost-efficient reproducible means of obtaining accurate differences in relative peptide abundances between different input samples based on the differences in the number of times a specific tryptic fragment is selected for MS/MS within a data-dependent experiment (30) .
An overview of the proteins identified for both OC and CaP, found by either Scaffold (results shown in Tables IVand V) or Biosieve (not shown) and in aggregate summary of both (Table IX) , reveals low-molecular-weight protein such as Profilin 1, Ras suppressor protein 1, S100A7, Ribonuclease RNAse Family, Platelet factor 4, and enzymes. The nanoparticles captured LMW fragments of high-molecular-weight proteins (e.g., ceruloplasmin, fibronectin 1, Talin 1, actinin alpha 1, apolipoprotein B) that were found to be differentially abundant in cancer vs. control sera as defined by spectral counting differences. The inferred proteins, corresponding to identified peptides, included serum plasma proteins such as serpin peptidase inhibitor, clade A, member 3 precursor, angiotensinogen, and orosomucoid 1. The identified tryptic fragments originate from both cytoplasmic and nuclear proteins which reinforce the value of the LMW proteome/peptidome as being populated by cellular information, reflecting ongoing tissue pathophysiology. The presence in the serum of peptide fragments of intracellular proteins may yield valuable information about the processes and signaling networks operating within the tumor cells. Integrins, LRG, and LPB have been identified in this pilot study as proteins differentially abundant uniquely in ovarian cancer. Integrins constitute a family of transmembrane receptor proteins that mediate the extracellular matrix influence on cell growth and differentiation (31) (32) (33) (34) . Decreased or increased integrin expression has been shown to be associated with cytoskeletal changes coincident with tumor transformation, and a role for integrins in tumor growth and metastasis has repeatedly been proposed (35) (36) (37) (38) .
If these results are extensively validated in larger independent study sets, development of the expression profiles of LMW peptide fragments of integrin might be useful as tumor progression markers for prognostic and for diagnostic purposes. Moreover, for individual tumors, this may have further potential in identifying a cell surface signature for a specific tumor type and/or stage. (39) . Leucine-rich alpha-2-glycoprotein-1 (LRG) is a serum glycoprotein of unknown function that has shown promise based on qualitative assessments as a biomarker for certain diseases, including microbial infections and cancer (40) (41) (42) .
Increased serum LRG was observed in patients with several types of cancer, including pancreatic (43), liver (44) , lung (45) , and epithelial ovarian cancers (46, 47) . However, the lack of a quantitative assay for LRG has so far limited its application. (48) . Lipopolysaccharide-binding protein gene has been found upregulated in clear cell ovarian cancer compared to other major histological types (49) . Differentially abundant peptides/LMW fragments found in the prostate cancer study set include proteins already correlated with carcinogenesis or prostate cancer. Vitronectin and cadherin 1 are cell adhesion proteins whose involvement in cancer progression and cellular spreading has been investigated and demonstrated (50, 51) . Vitronectin is recognized by certain members of the integrin family and acts as cell-to-substrate adhesion molecule, while cadherin 1 is involved in mechanisms regulating cell-cell adhesions, mobility, and proliferation of epithelial cells (52, 53) . The presence of vitronectin and cadherin 1 in the circulation could indicate the local loss of diffusion barriers, such as cell junction and the basement membrane. (54) . Vitronectin has recently been identified as an extrinsic inducer of stem cell differentiation through an integrin alpha(v)beta(3)-dependent mechanism (55) and may be important in mediating bone metastasis in CaP (56) . Moreover, high expression levels of cadherin 1 fragment in serum have been observed in advanced metastatic prostate cancer (57, 58) .
The spiked-in internal standard standards, MEC and SDF-1, were both found to be differentially abundant in the correct expected pattern by both Scaffold (shown) and BioSieve (not shown), which provides increased confidence to the validity of the newly identified LMW candidates found. Of course, further analysis will be required for full validation. Future work will encompass antibody-based (e.g., ELISA) and antibody-independent (MRM-MS) verification and validation of differential expression in independent blinded serum study sets, including benign and inflammatory diseases as well as other cancers, to understand the Fig. 6 . MS/MS spectra for peptide analytes with statistically significant elevations. The precursor b and y ion masses are shown, as well as the matched amino acid sequence (top right for each panel) for MS/MS spectra corresponding to a a CaP-specific peptide from vitronectin precursor and b an OC-specific peptide from leucine-rich alpha 2 glycoprotein 1 specificity and sensitivity of each candidate alone and in combination with each other.
Overall, we identified more differentially abundant proteins in the OC study sets than with CaP samples, and this is very likely due to the fact that we used a smaller input starting volume of serum for CaP studies (due to limitations in sample available) compared to OC samples. This is in keeping with expected results from nanoparticle capture since the entire contents are analyzed from the particle eluates: more input sample, more LMW peptidome analyzed/MS run. Consequently, it is highly likely that the number of CaPspecific candidates would increase if input starting sample volume increased. Moreover, this then highlights the potential for this workflow to enable detection of lower level endogenous proteins and protein fragments as larger volumes of starting sample are used. To that end, among other investigations, we are evaluating experimental results whereby very large volumes (e.g., 8 cc) of body fluids such as serum are used as the input into the nanoparticle capture workflow. The results described in this study are not meant in any way to reflect a comprehensive analysis of the serum peptidome or the entirety of the prostate and ovarian cancer LMW biomarker candidates that exist. Indeed, the identified analyte content is entirely dependent on the bait chemistry used within the nanoparticle. We used an acrylic acid capture chemistry that will selectively bind only analytes with a net positive charge at pH 7.0. Of course, the charge structure of the LMW analyte is dependent on the amino acid composition of the peptide/LMW protein. In the future, one can imagine the use of cocktails of particles with differential binding chemistries for positively charged proteins, negatively charged proteins, phosphoproteins, glycoproteins, etc. that will provide larger screening capabilities and wider coverage of the peptidome for biomarker discovery.
CONCLUSIONS
With this work, we have begun to test a novel workflow for body fluid-based biomarker discovery based on the application of a novel nanoparticle-based biomarker capture and concentration technology to amplify, fractionate, and enrich the peptidome/LMW analytes in a single simple step that in just a few minutes can harvest candidate biomarker analytes from raw unprocessed serum. This workflow provides subsequent high-resolution RPLC-MS/MS analysis with a concentrated and fractionated sample enriched for peptidome content. Using this approach, we have identified an initial set of OC and CaP-specific candidate peptides/LMW proteins from what appears to be a rich source of information. These candidates will require further extensive verification and validation in order to understand clinical utility either alone or in combination.
